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Abstract 
Groundwater quality is subject to law 2006/118/CE, related to protection against pollution. In Portugal, law 306/2007 
establishes conditions for human consumption. Aquifers are subject to several pollutants, namely chemicals used for 
agricultural purposes.  
The aim of this work is to present a stochastic model for the concentration of NO3 over the aquifer of the so-called 
vulnerable zone number 1, Esposende-Vila do Conde, on the northern region of Portugal.  
The model proposed was fitted to four time periods, independently of each other, being spring and fall of 2008 and 
2009.  
Data available at www.snirh.pt. 
© 2010 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
Keywords: geostatistics; kriging; hydrogeological parameters 
∗
 Corresponding author. Tel.: +351-239790200; fax: +351-239790201. 
E-mail address: lmelo@isec.pt 
© 2011 Published by Elsevier Ltd.
 Selection and peer-review under responsibility of Spatial Statistics 2011
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
378  Luís Margalho et al. / Procedia Environmental Sciences 7 (2011) 377–382
1. Introduction 
The observed NO3 data was collected at the Esposende-Vila do Conde aquifer, situated in the Cávado 
river bay, on the northwest region of Portugal. As this area is labeled as vulnerable, it is important to 
know the behavior of water quality along time. Groundwater quality is regulated by the European law 
2006/118/CE concerning groundwater protection against pollution, and in Portugal, for human purposes 
by the Portuguese Decreto-Lei 306/2007.  
1.1. Exploratory Analysis of Nitrate Pollution Data 
The following description is based on a set of 79 measurements of NO3 concentration, performed over 
25 different monitoring stations of groundwater quality, on the Bacia do Cávado, during 4 different 
moments: spring and fall of 2008 and 2009. Table 1 shows some descriptive statistics related to these 
measurements. 
Table 1. Descriptive Statistics of NO3 distribution
NO3 (mg/L) Spring’08 Fall’08 Spring’09 Fall’09 
N 22 20 19 18 
Mean 101.70  102.60  112.60  109.00  
St. Dev. 67.12  92.40  78.18  77.54  
For the four periods of observation, the mean values of NO3 concentrations are equivalent, although 
2008 present mean value lower than 2009. The minimum observed values vary from 2 to 5.5 mg/L and 
the maximum values vary from 229 mg/L to 382 mg/L. The lowest range, 223.5 mg/L, occurred on 
spring'08. Figure 1 depicts graphically the observed values. As stated before, spring'08 was the period 
with lowest range, but this was the period with highest interquartile range. 
Fig. 1. Boxplots of NO3 data 
Shapiro-Wilk test (Table 2) reveal that fall’08 and spring’09 data fail normality. Using Box-Cox 
transformξ݀ܽݐܽ, new data could be assumed to behave like normal. 
2. Spatial analysis of nitrate pollution data 
The main goal of a geostatistical analysis is the study of the correlation between observations recorded 
at different places. Representing the observed values at locations xi by Z(xi), the dissimilarity between 
data separated by a spatial vector u is measured by the empirical semivariogram defined as 
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Spring’08 0.9495 0.3092   
Fall’08 0.8567  0.0069  0.9549  0.4473  
Spring’09 0.8916 0.0344 0.9539 0.3091 
Fall’09 0.9418 0.3112   
Ȗ(u) = ଵଶேሺ࢛ሻ σ ሾܼሺݔ௜ ൅ ࢛ሻ െ ܼሺݔ௜ሻሿଶ
ேሺ࢛ሻ
௜ୀଵ              (1) 
where N(u) stands for the number of data pairs within the class of distance and direction used for the lag 
vector u. After the computation of empirical semivariograms, it is of interest to model them by a 
continuous function, in order to be able to predict values of the response variable at non observed 
locations. There are several theoretical models to fit empirical semivariograms, namely under isotropy the 
exponential model, 
Ȗ(u) = ߠ଴ ൅ ߠଵሾͳ െ ݁ି
ȁ࢛ȁ
ഇమሿ               (2) 
where ߠ଴ ൅ ߠଵ represents asymptotically the sill and ξ͵ߠଶrepresents the range. The estimation of the 
parameters of the fitted model to the observed data was performed using Weighted Least Squares method. 
Table 3 represents estimated model parameters (nugget, sill and range).  
Table 3. Estimated Semivariogram Parameters obtained by Weighted Least Squares Method 
The existence of a model of spatial correlation enables the interpolation of measurements to non 
observed locations, by kriging methodology. Like other interpolation methods, kriging estimates the 
unknown value መܼሺݔ଴ሻat non-observed location ݔ଴ as a weighted average of data collected at neighboring 
locations,  
መܼሺݔ଴ሻ ൌ σ ߜ௜ܼሺݔ௜ሻ௡௜ୀଵ                 (3) 
with ߜ௜ weights related with each sample and such that σ ߜ௜௡௜ୀଵ ൌ ͳǤ
Figure 2 (a) to (d) represents, for each observation period, the empirical semivariogram with the fitted 
exponential model.  
 Nugget Sill Range 
Spring’08 1782.42 5476.79 5362.06 
Fall’08 2.59 28.62 2329.23  
Spring’09 <0.001 28970.4 5478670.5 
Fall’09 2835.85 17484.04 17615.62 
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                     (a)                                                   (b)                                                    (c)                                              (d) 
Fig. 2. Semivariograms with exponential model fitted, (a) Spring’08, (b) Fall’08, (c) Spring’09 and (d) Fall’09 
For the 4 data sets available, using (3) one can predict NO3 contamination levels at non observed 
locations. Figure 3 (a) to (d) shows the spatial distribution of predicted NO3 concentrations over the 
vulnerable zone number 1 for the four observation periods. 
(a)                                     (b)                                           (c)                                        (d) 
Fig. 3. Predicted NO3 contamination maps, (a) Spring’08, (b) Fall’08, (c) Spring’09 and (d) Fall’09 
3.  Estimating the risk of exceeding regulatory thresholds 
It is of interest to predict the risk of exceeding particular values, such as regulatory thresholds. For 
that, geostatistics is increasingly used to estimate and map that risk. One possible way of identifying 
polluted areas is mapping pollutant concentrations. Interpretation of probability maps is based on a level 
of risk above which appropriate actions should be taken. For NO3 concentration, Portuguese law state 
that water with concentration above 50 mg/L should not be used for human purposes. In a way similar to 
one used previously to construct prediction maps, risk maps are generated by Indicator Kriging. This 
procedure determines, using the samples in the neighborhood, the probability of data values in a given 
area being greater than the imposed threshold.  
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To do so, data values are transformed into indicator values: original values which exceed the chosen 
threshold value are coded 1, and those below the threshold value are coded 0. With these new indicator 
values, Indicator Kriging is conducted with the same algorithm as Ordinary Kriging. Table 4 shows 
estimated model parameters, obtained by Weighted Least Squares method. 
Table 4. Estimated Semivariogram Parameters obtained by Weighted Least Squares Method (indicator data)
As for the NO3 data, figure 4 (a) to (d) represents, for each observation period and for indicator data, 
the empirical semivariogram with exponential model fitted. 
      
  (a)                                               (b)                                                (c)                                               (d) 
Fig. 4. Semivariograms for indicator data, with exponential model fitted, (a) Spring’08, (b) Fall’08, (c) Spring’09 and 
(d) Fall’09 
According to the fitted exponential model parameters obtained, figure 5 (a) to (d) shows risk maps of 
exceeding 50 mg/L of NO3.  
4. Conclusions 
Comparing these maps, we can see that for both years, spring has a higher risk than fall, probably 
because observations were collected after land chemical preparation for agricultural purposes. Also, for 
all observation periods, the risk of exceeding regulatory threshold is higher in the southern area of the 
observed region, which is in the same way as in the prediction maps, probably due to the existence of a 
river in the northern region of vulnerable zone number 1. 
With these results, identification of a spatio-temporal model for this area would probably be a way to 
better understand the behavior of this vulnerable zone. 
 Nugget Sill Range 
Spring’08 0.0715 3.7050 <0.001 
Fall’08 0.1889 0.0689 2500  
Spring’09 0.0159 22.9965 <0.001 
Fall’09 0.1383 0.0587 2500 
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(a)                                          (b)                                          (c)                                          (d) 
Fig. 5. NO3 contamination risk maps, (a) Spring’08, (b) Fall’08, (c) Spring’09 and (d) Fall’09 
Acknowledgements 
The second and third authors acknowledge financial support from the projects 
PTDC/MAT/104879/2008 (FEDER support included) of the Portuguese Ministry of Science, Technology 
and Higher Education. 
References 
[1] Cressie N. Statistics for Spatial Data. Revised Edition. New York: John Wiley & Sons; 1993. 
[2] Matheron G. Traite de Geostatistique Appliquee, Tome I. Paris: Editions Technip; 1962. 
[3] Menezes R. Assessing Spatial Dependency under Non-Standard Sampling. PhD thesis; 2005. 
[4] Paralta E, Ribeiro L. Monitorização e Modelação Estocástica da Contaminação por Nitratos do Aquífero Gabro-diorítico na 
Região de Beja - Resultados, Conclusões e Recomendações. In Actas do Seminário sobre Águas Subterrâneas, LNEC, Lisboa, 27 e 
28 Fevereiro de 2003. 
